Based on a phenomenological model of diesel combustion and pollutant-formation processes, a number of fuel additives that could potentially reduce in-cylinder soot formation by altering combustion chemistry have been identified. These fuel additives, or "combustion modifiers," included ethanol and ethylene glycol dimethyl ether, polyethylene glycol dinitrate (a cetane improver), succinimide (a dispersant), as well as nitromethane and another nitro-compound mixture. To better understand the chemical and physical mechanisms by which these combustion modifiers may affect soot formation in diesel engines, in-cylinder soot and diffusion flame lift-off were measured, using an optically-accessible, heavy-duty, direct-injection diesel engine.
INTRODUCTION
For more than a decade, laser diagnostics have been used to gain a better understanding of diesel combustion and pollutant formation processes.
Previous work employing multiple laser/imaging diagnostics has elucidated many of the events that occur in the fuel jet of a quiescent heavy-duty diesel engine from the start of injection through the development of the premixed-and mixing-controlled-combustion phases. Observations of the fuel injection, vaporization, combustion, and pollutant formation processes of reacting diesel fuel jets were used as a basis for a conceptual model of diesel combustion, explained in detail in Ref. [1] . The following two paragraphs provide a brief overview of this conceptual model, which will be used as a basis for discussion of diesel soot formation in this paper.
Conceptual Model of Diesel Combustion - Figure 1 presents an idealized schematic of diesel combustion, adapted from Ref. [1] . This representation of diesel Adapted from Ref. [1] .
combustion is appropriate for typical heavy-duty diesel engines, operating at moderate-to high-load conditions. The schematic shows the main features of a "free" reacting diesel fuel jet, i.e., without impingement or interaction with in-cylinder surfaces. Although the conceptual model of Ref. [1] covers the entire diesel combustion event, the schematic in Fig. 1 shows only the main "quasi-steady period" of combustion, which occurs between the end of the diesel premixed burn and the end of fuel injection. During the quasi-steady period of combustion, a turbulent diffusion flame exists around the jet periphery and extends upstream toward the injector nozzle, but typically remains detached from the nozzle. The distance between the injector nozzle and the most upstream extent of the turbulent diffusion flame is termed the "lift-off length" (see Fig. 1 ).
Lift-Off Length -The lift-off length has been recognized to be critically important for the formation of soot within the combusting jet, since it controls the amount of fuelair premixing upstream of the soot formation zones in the jet [1, 2] . In-cylinder gases are entrained along the whole length of the diesel jet, but downstream of the lift-off length, the fast, high temperature reactions in the diffusion flame quickly consume the ambient oxygen as it is entrained into the jet. Upstream of the lift-off length, however, no diffusion flame exists to consume the oxygen, so that fresh, unreacted oxygen is directly entrained into the jet. The hot (700-900K), fuel-rich mixture of fresh oxygen and vaporized fuel is then transported downstream of the liquid-phase fuel, where it reacts within the jet [1] . It has been hypothesized that these exothermic reactions occur in a standing premixed-combustion zone within the jet, which raises the temperature of this fuel-rich mixture as the available fresh oxygen is consumed [1] .
The resulting high temperature (1300-1600 K), fuel-rich product mixture is ideal for formation and growth of soot, which occurs downstream of the (hypothesized) standing premixed reaction zone, throughout the central region of the jet [3] . Soot formation within the jet depends on the stoichiometry and temperature of the fuel-rich mixture within the jet [4] . The lift-off length can therefore affect soot formation through its influence on the amount of unreacted oxygen entrained into the diesel jet upstream of the soot-formation region. Indeed, the lift-off length has been shown to have a strong influence on soot formation in diesel jets [2, 5, 6] . It is conceivable that in addition to chemical effects on soot formation, fuel additives may also affect the lift-off length, which can have a physical (mixing) effect on soot formation. Therefore, measurements of the diffusion flame lift-off length are essential to quantify the effects of fuel additives on the physical mixing processes known to be important for soot formation.
The diffusion flame lift-off length can be discerned from images of naturally-occurring chemiluminescence emission. The fast, high temperature reactions occurring in the lifted, stoichiometric diesel diffusion flame have been shown to produce significant quantities of excited state OH (OH*) [7] . Accordingly, the presence of chemiluminescence emission from OH* is an indicator of the location of the diffusion flame. To measure the flame lift-off length, a technique used by Siebers and Higgins [2, 7] to image OH* chemiluminescence from the reacting diesel fuel jets has been adapted and used in the facility of the current study [8] . The flame lift-off length was determined through analysis of the diffusion flame images using an intensity thresholding technique, with a mask to remove interference from liquid fuel scattering [8] .
In-Cylinder Soot -The effects of fuel additives on diesel soot may be quantified by measurements of either incylinder or exhaust soot.
These two approaches measure different aspects of the diesel soot evolution. In the exhaust stream, the amount of soot depends on the net difference between soot formation and soot oxidation processes.
Measurements of in-cylinder soot, by contrast, can be tailored to directly measure soot within the diesel jets during the soot formation processes, both before and after significant oxidation occurs. Since it is the objective of the current study to isolate the effects of fuel additives on soot formation processes alone, incylinder soot measurements are most appropriate.
Optical extinction diagnostics that rely on the attenuation of incident radiation by soot particles may be used to quantify "jet-soot", i.e., in-cylinder soot within the combusting diesel jets. A number of investigations have employed laser-extinction techniques to measure soot in diesel engines (e.g., see Refs. [9] [10] [11] [12] ). Recently, the effects of fuel-bound oxygen and aromatic content on soot formation were examined using a laser extinction diagnostic in the facility of the current study [13] . The jetsoot was observed to decrease proportionally with increasing oxygen content of paraffinic fuel blends. With real diesel fuels, accurate jet-soot measurements were not possible because the soot cloud became too optically dense, and extinction laser beam was attenuated below measurable levels. Although laser-extinction diagnostics cannot directly measure optically dense jet-soot, they can be used to measure deposition of soot on in-cylinder surfaces, even for the most highly sooting fuels and conditions.
Deposition of soot on in-cylinder surfaces occurs when the sooty portion of the diesel jet impinges on the piston bowl and/or cylinder-walls. Previous studies have shown that as the jet encounters the piston bowl wall, the diffusion flame flattens along the wall surface, and is extinguished after a short time [14] . This allows the jetsoot to impinge directly onto the wall and be deposited, forming "wall-soot."
In a study of in-cylinder soot formation for a range of oxygenated fuels, the rate of wall-soot deposition was observed to increase proportionally with the amount of jet-soot [11] . These results suggest that measurements of wall-soot can be used as an indicator for jet-soot under conditions for which the jet-soot is too optically dense to be measured directly. Incidentally, in that study, only minor differences in the lift-off length were observed among the fuel blends. Accordingly, the changes in in-cylinder soot formation for those fuels were attributed primarily to chemical effects of the oxygen and aromatic content of the fuels on soot formation.
Over the past few decades, many alternative fuels and fuel additives formulations have been pursued to help reduce diesel pollutant emissions.
A variety of oxygenated fuels, which contain oxygen atoms bound to carbon atoms within the fuel molecule, have been shown to influence exhaust soot emissions. References [15] and [16] contain recent reviews of many oxygenated fuel studies. Overall, most studies show that increasing oxygen content in the fuel yields decreases exhaust-soot emissions under many operating conditions. Furthermore, many studies show that the structure of the fuel molecule affects diesel soot, and fuels with similar oxygen content but different molecular structure can have significantly different effects on diesel soot [6, 15, 17] . Other configurations of oxygen within the fuel molecule for which oxygen is not bound to any carbon atoms may also affect soot formation. For example, nitro-compounds like nitromethane, which has a significant influence on fuel ignition chemistry [18] , could also have a significant effect on in-cylinder soot formation chemistry.
In the current study, the chemical and physical parameters affecting soot formation were studied in an optically accessible, heavy-duty diesel engine. Eight different fuels with various additive formulations were used at two different operating conditions. Measurements of both jet-soot and wall-soot were used to compare the soot formation among the fuels studied. Additionally, an OH chemiluminescence imaging diagnostic was used to measure the diesel flame lift-off length to assess the influence of unreacted oxygen entrainment on soot formation.
A complete description of the engine, operating conditions, and diagnostics is given in the next section. Then, the results are presented in three parts. First, the results of laser-extinction measurements of soot within the jet are presented. Second, measurements of wallsoot deposition are presented to complement the measurements of jet-soot. Third, the diesel flame lift-off lengths, measured using OH chemiluminescence imaging, are compared among the fuels. The results are followed by a discussion, and in the final section, the results are summarized and conclusions are drawn.
EXPERIMENTAL SETUP AND DIAGNOSTICS
ENGINE -A single-cylinder, direct-injection, 4-stroke diesel engine based on a Cummins N-series production engine was used in this investigation (see Fig. 2 ). The N-series engine is typical of heavy-duty diesel engines, with a bore of 140 mm and a stroke of 152 mm. These dimensions are retained in the optically accessible engine, and the intake port geometry of the production cylinder head is preserved. The in-cylinder flow field of a similar Cummins N-series research engine has been examined under motored conditions and found to be nearly quiescent, with a swirl number of about 0.5 [19] . To provide optical access, the engine is equipped with an extended piston and piston-crown window, and one of the two exhaust valves is replaced with a window in the cylinder head. Windows located around the top of the cylinder-wall provide cross-optical access for the horizontal laser extinction measurements used in this study. To allow laser-extinction measurements of sootwall deposition, an additional window was installed in the piston bowl-rim, in-line with one of the cylinder-wall windows. The opposite side of the bowl rim was cut out to allow the laser beam to pass through the cylinder without additional optical obstruction. Figure 3 presents a schematic of the combustion chamber of this engine, showing the orientation of the windows, horizontal laser beams, and the camera field of view. Finally, this optical engine is designed so that the upper cylinder liner separates and drops down from the head without engine disassembly, allowing rapid cleaning of in-cylinder surfaces.
The specifications of this engine are summarized in Table 1 , and additional details regarding the engine and its specifications may be found in Refs. [1, 20] . This research engine is equipped with a Cummins CELECT ™ electronically-controlled fuel injector. This closed-nozzle unit injector uses camshaft actuation to build injection pressures and a solenoid-actuated valve to control injection timing and duration.
For the experiments presented here, the production 8-hole injector nozzle tip was replaced with a 7-hole tip, for which one hole was "missing." The diameters of the two holes on either side of the missing hole were increased from the original 0.194 mm to 0.238 mm so that the total flow rate and injection pressure characteristics of the production injector nozzle were maintained. This custom tip was oriented so that the fuel jet of interest (emanating from one of the 0.194 mm holes) was aligned with the bowl-rim window, while the "missing" jet was aligned with the cut-out in the bowl rim, as shown in Fig. 3 . The fuel jet axes for this nozzle are declined 14° from the firedeck (152° included angle). The injector is instrumented with a Hall-effect needle lift sensor, and injection pressure is determined from strain gage measurements of the force on the pushtube that activates the injector. The injection pressure and cam profile are typical of those of N-series production engines. Table 2 summarizes the specifications of the fuel injector.
FUELS -A total of eight fuels were used in this study. Properties of the base diesel fuel (D2), to which all of the additives were mixed, are shown in Table 3 . The seven additive fuels blends are shown in Table 4 . The first four fuel additive formulations were typical of many oxygenated fuels, having oxygen bound directly to carbon atoms in the additives. These fuel blends were expected to affect soot formation in a similar way to that observed for other oxygenated fuels [6, 13, 15, 17] . Ethanol was added to the first three of the these conventional oxygenated fuels, using a small amount of succinimide (a dispersant). The first ethanol fuel, E10, contained 10% ethanol by weight. The addition of ethanol to diesel fuel yielded a reduction in the cetane number and an increase in the ignition delay. To offset this effect, a 2.5% by weight of a cetane-improving additive, polyethylene glycol dinitrate (PEGDN), was added to the second ethanol fuel, EP10, displacing some of the ethanol (see Table 4 ). The third ethanol fuel, EG10 contained 10% ethanol and 0.5 % ethylene glycol dimethyl ether (EGDE). The fourth additive fuel, G05, contained 0.5 % of EGDE only. The fifth and sixth fuels, NE05 and NM05, contained small quantities of nitro compounds, as indicated in Table 4 . The NE05 fuel contained 0.5% of a compound labeled as 2002-20605, the composition of which is included at the bottom of Table 4 . The NM05 fuel contained 0.5% nitromethane. These fuel additives were selected because the oxygen is not bound to carbon atoms within the fuel molecules, and might therefore be more available to oxidize soot precursors and inhibit soot formation within the diesel jet. The final fuel, S05, contained 0.5% succinimide. The dispersant additive (without ethanol) was examined to study its effect on soot-wall deposition, since it was believed that it could affect soot deposition on in-cylinder surfaces.
OPERATING CONDITIONS -All data were acquired at an engine speed of 1200 rpm, at two representative diesel engine operating conditions, characterized by their gross indicated mean effective pressures (GIMEP). As shown in Table 5 , the estimated motored top dead center (TDC) temperature and density were 817 K and 18.8 kg/m 3 for the low-load (135 kPa GIMEP) operating condition, and 835 K and 23 kg/m 3 for the high-load (1000 kPa GIMEP) operating condition. These TDC conditions were estimated assuming a polytropic compression from the intake manifold conditions with a , as compared to approximately 16:1 for a production engine, the intake air pressure and temperature were elevated above typical levels to achieve these TDC conditions. Although these TDC conditions are representative of production hardware, the optical engine has a slightly hotter, denser air charge away from TDC because of the lower geometric compression ratio. The mass of the air charge is also somewhat greater than that of the production engine due to the larger clearance volume.
In our previous soot-wall interaction studies, the temporal history of the soot-wall interaction was shown to have a 1 The engine geometry is identical to that used in previous studies [1, 11, 12, 14, 20] , for which the reported compression ratio was 10.5:1 . Subsequent analysis indicated that the actual compression ratio is 10.7:1. significant impact on the rate of soot-wall deposition [12, 14] . Accordingly, the injection duration, rather than the engine load, was chosen as the parameter maintained constant for each of the tests in this study. The temporal development of the combusting fuel jet and the history of the soot-wall interaction between fuels were thus matched as closely as possible, though the engine load (GIMEP) varied slightly due to differences in fuel chemical energy content and combustion phasing.
Before conducting the experiments, the engine was heated to 368 K (95° C) by means of electrical heaters on the "cooling" water and lubricating oil circulation systems. To avoid overheating, the optical engine was fired once every 10 th engine cycle. A 75 hp electrical motor maintained a constant engine speed between fired cycles. Figure 4 shows the needle lift signals and the apparent heat release rates (AHRR) for three of the fuels at both operating conditions. For clarity, the AHRR data for EP10, D2, and E10 only are included in Fig. 4 . These three fuels are representative of the behavior observed with the range of fuels in the current study, since they display the shortest, an intermediate, and the longest ignition delays, respectively. Since the injection duration, rather than engine load, is maintained constant among fuels, differences in the chemical energy contents and ignition delays of the fuels result in small differences in the individual AHRR curves for each of the fuels. For instance, the fuels with longer ignition delays, such as E10, display a larger premixed burn spike, especially at high-load (see Fig. 4 ). The resulting engine output power (GIMEP) varies slightly among the fuels because of differences in combustion phasing and fuel chemical energy content (see Table 3 ).
DIAGNOSTICS
Horizontal LOS Extinction -The laser extinction diagnostic was based on a line-of-sight (LOS) technique developed previously in this laboratory [10] [11] [12] [13] . As shown in Fig. 2 , the red (633 nm) output beam of a 10 mW continuous wave (CW), linearly polarized HeNe laser was directed horizontally though the combustion chamber, 16 mm below the firedeck. At this elevation, the LOS beam is well below the liquid fuel-sprays emanating from the injector, so they do not interfere with the transmission of the beam. The beam passed though two cylinder-wall windows, and, when the piston was near TDC, through the bowl-rim window and the cut-out opposite of the window, as discussed above (see Fig. 3 ).
When measuring either jet-soot or wall-soot on the piston bowl-rim window, soot deposits on the cylinderwall windows may interfere with the desired measurements. To remove soot deposits from the cylinder-wall window surfaces, a high power pulsed YAG laser beam was directed through the chamber coaxially with the path of the HeNe beam. As shown in Fig. 2 , a 45°-incidence dichroic mirror was used to combine the two beams. To separate the beams after they passed through the engine, a normal-incidence dichroic mirror was installed such that the YAG beam reflected back through the combustion chamber slightly off-axis and into a beam dump, as shown in Fig. 2 . The HeNe beam passed through both dichroic mirrors and into the integrating sphere. The YAG laser was operated at 10 Hz, and the 160-mJ second harmonic pulses (532 nm), with an unfocused a diameter of about 12 mm, were found to be sufficient to remove the soot deposits from the cylinder windows. For soot-wall deposition measurements, the pulses were timed such that the cylinder-wall windows were cleaned of soot at -60 CAD ATDC each engine cycle, when the bowl-rim window was not in the path of the beam. For the jet-soot measurements, the YAG laser was fired near TDC to clean soot deposits from the bowl-rim window also, and the timing was varied such that the entire surface of the bowl-rim window was cleaned over the 10 engine cycles between each fired cycle. Thus, the bowl rim-window was completely cleaned of soot-wall deposits before each fired cycle. This allowed jet-soot attenuation measurements to be acquired without significant attenuation from wall-soot deposits on the bowl-rim window.
The other optical elements in Fig. 2 , including the cylindrical telescope, collection lens, divergence and spot apertures, integrating sphere, and narrow bandpass filter assembly were employed to minimize laser etaloning effects, account for beam steering, and reject background combustion luminosity.
A complete discussion of the mechanisms by which these optical elements correct for these interferences is lengthy, and is beyond the scope of this paper. A detailed description, however, is included within Refs. [13, 21] .
The transmissivity of the soot cloud was defined as the ratio of the transmitted intensity during a fired cycle to that for a motored cycle: Here, τ is the transmissivity, and I is the transmitted LOS beam intensity. Combustion luminosity from hot soot can be quite significant under some operating conditions, reaching up to 5 % of the full-strength laser intensity. To correct for combustion luminosity that leaks through the collection system, the measured intensity with the laser off was subtracted from the intensity with the laser on, as shown in Eq. 1. An acousto-optic modulator (AOM) was used to shutter the LOS laser quickly, once for each shaft encoder tick (1/2 CAD resolution). Additionally, data were acquired during one motored cycle immediately before each fired cycle, to provide the baseline signal levels for the denominator of Eq. 1.
The LOS transmittance data was converted to a relative measure of the amount of jet-soot using a form of Beer's Law [22] :
The product KL is a measure of the optical density (on a natural log scale) of jet-soot along the path of the LOS beam. The applicability of Beer's law for measuring both jet-soot and soot-wall deposition was discussed in detail in one of our previous LOS attenuation studies [12] 2 .
Note that when optical attenuation of the LOS beam was great, minor noise in the intensity data resulted in some near-zero or even small negative values for the relative transmittance, yielding undefined values for KL. To allow KL values to be calculated for this data, an artificial lower limit corresponding to KL = 10 was applied to each relative transmittance data point. As will be shown later, this KL limit truncates the data to values less than KL=10, especially for highly sooting fuels at the longinjection duration operating condition. Discussion of the uncertainty in the KL data for such optically thick soot clouds is deferred to the Results section.
Similarly, Beer's Law can be applied to obtain a relative measurement of the amount of soot deposited on the bowl-rim window. As discussed above, during the wallsoot measurements, the YAG laser cleaning-pulses were timed such that they cleaned the cylinder wall windows, but did not clean the piston bowl rim window, onto which the soot was deposited. The thickness of the soot deposit on the window surface increased with each fired cycle. Accordingly, the KL of the window deposit was evaluated while the piston was near TDC during the motored cycle following each fired cycle [13] . In previous measurements of the wall-soot deposition, the rate of accumulation was found to be nearly linear for the first 10-100 fired cycles [13] . Similar behavior was observed in the current study, and the rate of deposition (change in KL per cycle) was determined using a linear curve-fit over those cycles within the linear deposition range.
OH Chemiluminescence Imaging -As discussed in the introduction, the fast, high temperature reactions occurring at the lifted, stoichiometric diffusion flame produce significant quantities of excited-state OH. The chemiluminescence emission from these excited OH radicals was used in this study as an indicator of the location of the diffusion flame. Measurements of the liftoff length are only meaningful during the quasi-steady period of diesel combustion, which occurs between the end of the premixed burn and the end of injection. As shown in Fig. 4 , the injection event ends before the peak in the premixed burn for all of the low-load conditions, so the lift-off length is not meaningful and it was not measured for the low-load conditions. Hence, the lift-off length was measured for only the high-load conditions, which display a significant quasi-steady combustion period. A two-camera simultaneous imaging technique was used to measure the lift-off length, as explained in detail within Ref. [8] . A brief description of the OH chemiluminescence imaging diagnostic for measuring lift-off length is provided in the following paragraphs.
The OH chemiluminescence signal during each fired cycle was collected through the piston-crown window by a UV-sensitive, gated, intensified, charge-coupled-device (ICCD) camera, equipped with a Nikon f/4.5 UV lens. The ICCD camera had a video chip resolution of 760 by 480 pixels, and a PC-controlled frame grabber with a resolution of 640 by 480 pixels digitized the analog video output.
A personal computer and digital delay generators controlled synchronization between the engine, lasers, cameras, and intensifier gates, with the master signal coming from the engine shaft encoder. Due to speed limitations of the laser and video recording system, only one image could be acquired per cycle. Previous imaging experiments have shown that the lifted diffusion flame forms shortly after the peak in the premixed burn spike in the AHRR. Characteristic OH chemiluminescence images were therefore acquired about 2 CAD after the peak in the premixed burn spike. A 348-nm short-wave-pass filter was placed in front of the camera lens to isolate the OH chemiluminescence from other emission.
Although OH chemiluminescence is the dominant source of UV emission near 310 nm [7, 23] , other sources of interference can be significant, especially visible light that is scattered off the liquid fuel spray [8, 13] . To remove this scattering interference, a second camera was used to acquire a simultaneous image of long-wavelength light emitted by the flame. A 350 nm long-wave-pass (LWP) beam splitter and an OG590 color glass filter were employed to separate the beams and isolate the red flame emission, as shown in Fig. 2 . Broadband incandescence from hot soot is the primary source of the red flame emission, which typically occurs downstream of the flame lift-off length. Liquid-scattering interference is present in both the OH chemiluminescence images and the red flame emission images. Since the OH chemiluminescence and red flame emission are spatially separated near the lift-off length, the red flame image may be subtracted from the OH chemiluminescence image to remove the liquid scatter interference without disrupting the flame structure near the lift-off length. After removal of the liquid scatter interference, an intensity thresholding scheme was used to extract the lift-off length from the images, as described in Ref. [8] .
Cylinder Pressure and Heat Release Rate -In addition to the optical diagnostics, cylinder pressure, injector needle lift, and injector push-tube force (from which the fuel-injection pressure is derived) were digitized at half-CAD increments for each fuel/operating condition. Using a typical first law and perfect gas analysis (see for example Heywood [24] ), the AHRR were calculated from the pressure data for each cycle and ensemble averaged. Prior to calculating the AHRR, pressure data were smoothed with a Fourier series high-frequencyreject filtering algorithm that used a Gaussian roll-off function as discussed in Ref. [25] .
RESULTS
JET-SOOT EXTINCTION -The transmissivity of the jetsoot was measured using the horizontal LOS extinction technique described above for each of the fuels at both the low-load and high-load operating conditions. Shown in Fig. 5 are jet-soot transmissivity and KL for the base diesel fuel (D2) at both operating conditions, the ensemble-averaged over 192 fired cycles. For reference, the AHRR for each of these conditions, is also included on each plot (dotted line). For the low-load condition, evidence of attenuation of the LOS laser is first observed about half way through the premixed burn spike of the AHHR curve, when the jet-soot transmissivity first drops below 1.0. Over the next 5-10 CAD, the transmissivity drops to about 0.8, and then increases back to about 1.0 over the next 10 CAD as the quantity of jet-soot within the path of the LOS beam decreases. The recovery of the transmissivity to nearly 1.0 is likely due to oxidation of the soot, expansion of the cylinder contents, and possible transport of the jetsoot out of the path of the LOS beam. For the relatively low-sooting low-load condition, the jet-soot KL reaches a peak value of about 0.4 (solid curve with error bars in Fig. 5 ). Note that a sharp increase in the apparent KL occurs near 27 ATDC, but this is an artifact caused by temporary deflection of the LOS beam as the top of the bowl rim window on the piston passes through the path of the beam.
The transmissivity and KL for the high-load condition with the base fuel display much greater attenuation than the low-load condition, as shown in Fig. 5 (b) .
The transmissivity drops to nearly zero, and the KL values become very large. Because the KL varies as the log of the transmissivity, uncertainty in KL becomes significant as the KL values become large. The uncertainty in the KL data is ultimately limited by the finite digitization resolution of the recording equipment, as discussed in Ref. [13] . For the equipment used in the current study, the digitization uncertainty increases from about 3% at KL = 4 to 20% at KL = 6, and is even larger for KL values greater than 6. This digitization uncertainty represents the best-case scenario; it is the lowest achievable uncertainty for the cleanest of data. Although transmissivity data can be readily acquired even for optically thick jet-soot, very small errors or noise in the transmissivity data at low signal levels can yield large errors in the calculated KL data. Accordingly, noise levels were maintained below ± 1-2 counts by careful shielding of transmission lines and amplification of the low-current photodiode signal as close to the detector as possible. Even so, for an individual engine cycle, data above K L= 6 in Fig. 5 (within the shaded region) must be considered highly uncertain.
Although uncertainty in the KL data for individual cycles can be significant for the high-load condition, statistical analysis of multiple engine cycles can yield greater certainty in the mean behavior of the data. Using standard statistical techniques, which assume a symmetric Gaussian distribution about the mean value [26] , the uncertainty in the mean KL for the ensemble of 192 cycles was calculated. The error bars in Fig. 5 represent the width of the 95% confidence interval in the mean of the KL data, based on cycle-to-cycle variation only. Cycle-to-cycle variation in the jet-soot KL was significant, and was likely caused by both real variation in the jet-soot and noise in the transmissivity data, which causes greater variation for high KL (low transmissivity) conditions. The other seven fuels studied showed similar behavior at both low-and high-load. Transmissivity and KL data similar to that shown in Fig. 5 for all of the other seven fuels are included in the appendix.
Integrated Jet Soot -As a means to compare the jet-soot levels among the various fuels examined, the timeintegral of the cycle-averaged jet-soot KL was calculated. As employed here, the integrated jet-soot KL is the area under the KL versus CAD curve, such as that shown for D2 in Fig. 5 . The limits for this integration were the bounds of the portion of the stroke where the piston is near TDC, from -25 to +25 ATDC.
Although the integrated jet-soot KL does not have any specific physical meaning, it does provide a relative measure of the jet-soot 3 within the path of the LOS beam during the combustion event.
Comparison of the jet-soot levels among the fuels is complicated by differences in the ignition delay, especially at the low-load condition. Fuels that display a longer ignition delay have a somewhat greater time for mixing of fuel and air before combustion. Soot formation is known to be affected by mixture stoichiometry, so differences in jet-soot among the fuels are likely affected by differences in ignition delay as well as changes in soot formation chemistry caused by the fuel additives. Accordingly, a baseline trend of the variation of soot formation with changing ignition delay for the base fuel is needed to properly compare soot formation among the fuel additive blends having different ignition delays.
The ignition delay time can be varied by changing either the fuel chemistry of the base fuel or the thermodynamic conditions of the in-cylinder gases. The first option, changing fuel chemistry to alter the ignition delay (e.g., adding cetane-improving additives), is unattractive because changes in the fuel chemistry could affect soot formation chemistry as well.
The second option, changing in the in-cylinder gas thermodynamic state, may also affect the soot formation kinetics, but it was deemed the simplest and least confounding approach. Accordingly, in this study, to provide a baseline of soot formation over a range of ignition delays, the engine was operated with the base fuel (D2), using intake temperatures that yielded ignition delays that spanned the range observed with all of the fuels. To accomplish this, the intake temperature was adjusted to yield TDC temperatures from 800 K to 900 K, which yielded ignition delays with D2 that bounded the ignition delays for all seven fuels at the standard intake conditions, for both low-and high-load conditions. The intake air pressure was also adjusted to maintain a constant TDC charge density as the intake air temperature was changed. 3 A small amount of wall-soot may also be present, which is deposited during the later part of the cycle, especially for high-load conditions. The integrated jet-soot KL, plotted versus the ignition delay for each fuel, is shown in Fig. 6 . Error bars are included with each data point, which represent the 95% confidence interval for the data. As described above, three different integrated jet-soot KL data points are included for D2, using intake temperatures that yielded ignition delays that spanned the range of all fuels. The dotted lines that connect the D2 data points in Fig. 6 are provided to guide the eye, and they represent the baseline integrated jet-soot KL level for D2, to which the other fuels may be compared. For D2, the integrated jet soot decreases as the ignition-delay increases, especially for the low-load condition. This trend is consistent with the influence of pre-combustion mixing on soot formation, as discussed in the Introduction. As the ignition delay increases, more time is available for mixing, and less soot is formed in the leaner mixtures at ignition. For the low-load condition, a large proportion of the fuel is consumed during the premixed burn, so mixing during the ignition delay is very important for soot formation. For the high-load condition, a greater fraction of the fuel is consumed during mixing-controlled combustion after the premixed burn, so the ignition delay has a much smaller influence on the integrated jet soot.
The fuels display a range of ignition delays and integrated jet-soot levels (especially at low-load). At the low load condition, there are no statistically significant differences in the integrated jet-soot KL between the baseline fuel and the additive mixtures. At the high load condition, only the three fuels containing ethanol (E10, EP10, and EG10) are statistically different than the baseline data after accounting ignition delay effects. That is, although some of the other fuel additives do have an effect on soot formation at the base operating condition, a change in the ignition delay usually accompanies the change in soot formation. As discussed above, the change in ignition delay affects the mixing of fuel and air prior to combustion, which can effect soot formation. For fuel additives other than the three ethanol formulations, the error bars overlap the dependence of soot formation on ignition delay established with D2 (dotted line). Therefore, the nonethanol fuel additives (G05, NE05, NM05, and S05) affect soot formation primarily through differences in fuelair mixing prior to combustion, which occurs because of differences in ignition delay. Only the three ethanolcontaining additives (E10, EP10, and EG10) display changes to soot formation that cannot be explained by differences in ignition delay alone. WALL-SOOT DEPOSITION -As discussed earlier, there is significant uncertainty in the jet-soot KL data for dense soot clouds. While the low-load conditions did not display high KL values for any of the fuels tested, the soot cloud became optically thick for all of the high-load conditions, so that significant uncertainty exists in the jetsoot KL data. Furthermore, as discussed earlier, the maximum measurable jet-soot KL was truncated at KL=10. As a result, the integrated jet-soot data for the high-load conditions in Fig. 6 (b) is also likely truncated. As discussed in the Experimental Setup and Diagnostics section, measurements of wall-soot deposition rates may be used as an alternative criterion to assess diesel soot formation under such highly-sooting conditions. Shown in Fig. 7 are the wall-soot deposition rate data for all eight fuels at the high-load operating condition. As was done for the integrated jet-soot KL data, the baseline behavior for D2 was established by adjusting the ignition delay using the intake temperature, and the dotted line is provided to guide the eye along the baseline trend for D2. Note that the rate of deposition for this high-load condition is always less than 0.5 KL units per fired cycle. As a result, the KL of the wall-soot does not reach a level with high uncertainty (KL>6) until after at least 12 fired cycles. This illustrates the utility of using the wall-soot deposition rates to acquire data with lower uncertainty than the jet-soot measurements for the highly-sooting, high-load operating conditions.
The trends of the wall-soot deposition data among the eight fuels in Fig. 7 is consistent with the jet-soot data in (a) (b) Figure 6 . Integrated jet-soot KL for all eight fuels at (a) the low-load and (b) high-load operating conditions. The dotted line is provided to guide the eye for the D2 data, which was acquired at three different conditions, with the intake temperature adjusted to change the ignition delay for D2. The error bars represent the 95% confidence interval for each data point. Fig. 6 ; only the ethanol-containing fuels display wall-soot deposition rates that are statistically different than the baseline data. However, since the wall-soot deposition measurements do not suffer from truncation at high KL levels that the jet-soot data did, the differences in wallsoot deposition among the fuels are more apparent. While the integrated jet-soot of the ethanol-containing fuels was 10-15% lower than the baseline, the wall sootdeposition rates for these fuels are 30-40% lower than the baseline. FLAME LIFT-OFF -As discussed earlier, in addition to the potential chemical kinetic effects that the fuel additives may have on soot formation, they may also affect physical processes that influence soot formation. The significant influence that the diesel flame lift-off length may have on pre-combustion mixing and subsequent soot formation warrants a close examination of differences in the lift-off length among the fuels. As discussed earlier, for the operating conditions of the current study, the flame lift-off length is only meaningful under the high-load operating conditions. Shown in Fig. 8 are the flame lift-off lengths, which were extracted from OH chemiluminescence images, for all eight of the fuels at the high-load operating condition. The errobars in Fig. 8 represent the uncertainty in the liftoff length measurements, which was established to be about ± 0.5 mm in a previous study [13] . The lift-off lengths range from 7.4 ± 0.5 mm for S05 to 8.3 ± 0.5 mm for EP10. The three ethanol-containing fuels (E10, EP10, and EG10) have among the longest lift-off lengths, and the lowest jet-soot and wall-soot deposition rates (see Figs. 6 and 7) . Indeed, for a given fuel, soot formation has been observed to decrease with increasing lift-off length [6] . However, the mean lift-off lengths for these three ethanol-containing fuels are only fractionally larger than that for D2. Such tiny changes in the lift-off length cannot solely be responsible for the 30-40% change in soot formation evident from the soot-wall deposition data (see Fig. 7 ). For diesel fuels, much larger differences in the lift-off length (>50%) have been observed previously for similar reductions in in-cylinder soot formation [6] . Furthermore, the differences in the mean lift-off lengths are significantly less than the uncertainty in the measurement. Accordingly, there is no statistical difference in the lift-off lengths for these eight fuels at the high-load operating condition that can explain the observed differences in in-cylinder soot.
DISCUSSION
Both the jet-soot data and the wall-soot deposition data indicate that only the ethanol-containing fuels (E10, EP10, and EG10) have a statistically-significant influence on in-cylinder soot formation. The other additive formulations (G05, NE05, and NM05) may indeed affect soot formation chemistry, but they did not have a statistically significant influence on the measured jet-soot or wall-soot for the operating conditions and additive concentrations used in the current study.
Very little difference in the lift-off length was observed among the eight fuels at the high-load operating condition of the current study. This is unexpected, since in single-jet experiments in a constant volume combustion chamber, the thermodynamic state of the ambient gas [2] and fuel characteristics [6] have been shown to have a significant influence on the lift-off length. Furthermore, other fuel additives have been observed to have a significant influence on the lift-off length. For example, in the engine of the present study, the PuriNOx™ water-emulsified diesel fuel from Lubrizol has been observed to have a significantly longer lift-off length than the base fuel from which the emulsion was created [27] . However, the influence of various factors on the lift-off length has been observed to be much Figure 7 . Wall-soot deposition rate for all eight fuels at the high-load operating condition. The dotted line is provided to guide the eye for the D2 data, which was acquired at three different conditions, with the intake temperature adjusted to change the ignition delay for D2. The error bars represent the 95% confidence interval for each data point. smaller within the in-cylinder environment of this diesel engine under operating conditions similar to those of the current study [8] . The insensitivity of the lift-off length to environmental variables was particularly evident when the lift-off length was short (less than 10 mm). Since all of the measured lift-off lengths were less than 10 mm in the current study, it is possible that fuel-additive effects on the lift-off length may not have been observable at the operating conditions studied. Under other operating conditions that display a generally longer lift-off length, the fuel additives could have an observable influence on the lift-off length, and therefore, on soot formation.
The decreased in-cylinder soot formation observed with increased fuel oxygen content of the ethanol-containing fuels, E10, EP10, and EG10, is consistent with previous observations of exhaust soot in a number of studies of ethanol blends (e.g., see review in Ref. [16] ). It is also consistent with previous observations in the facility of the current study, using a range of oxygenated paraffinic fuels. Both the jet-soot and the wall-soot deposition rates were observed to decrease as the oxygen content in the paraffinic fuels was increased [13] . A fuel oxygen content of about 15% by mass yielded a 30-40% decrease in wall-soot deposition rates. If the same correlation were applied to alcohol-diesel blends, then about 40% ethanol by volume would be required to achieve the same reduction in wall-soot. This level is significantly greater than the 10% ethanol content in the additive formulations of the current study, however. Data from the current study is insufficient to explain why the wall-soot deposition rates of ethanol-diesel blends were so much less than for oxygenated paraffinic fuel blends at similar oxygen contents. However, two potential mechanisms are offered that may be responsible for this observation. First, the heat of vaporization of ethanol is over three times that of diesel fuel. As a result, the cooling effect of the vaporizing ethanol may yield significantly colder temperatures in the diesel jet along the path of the LOS laser beam. The reduction in temperature within the jet may inhibit soot formation to some degree [6] , and it may also reduce the rate of wallsoot deposition by thermophoresis. Secondly, some chemical kinetic processes may exist for ethanol-diesel blends that either reduce soot formation or inhibit wall deposition. As discussed earlier, molecular structure effects have been shown to be important for soot reduction [6, 15, 17, 28] ; the location of oxygen atoms within the fuel molecule can be important. Ethanol may therefore chemically inhibit soot formation more effectively than another fuel with an equivalent oxygen content.
SUMMARY
The influence of several fuel additive formulations on incylinder soot formation was investigated in an opticallyaccessible, heavy-duty DI diesel engine. Fuel additives containing ethanol, ethylene glycol dimethyl ether, polyethylene glycol dinitrate (a cetane improver), as well as nitromethane and another nitro-compound mixture and succinimide (a dispersant) were used at two typical diesel engine operating conditions. In-cylinder soot formation was quantified using a laser-extinction diagnostic, which measured both relative soot concentrations within the jet ("jet-soot") and soot deposition on in-cylinder surfaces ("wall-soot"). The diesel flame lift-off length was also measured using an OH chemiluminescence imaging diagnostic, to examine differences in pre-combustion mixing among the fuels. Analysis of the data shows:
1. After accounting for differences in ignition delay among the fuels, only the ethanol-containing fuels displayed statistically-significant reduction of soot compared to the base fuel. The ethanol additive reduced jet-soot by up to 15%, and it reduced wallsoot by 30-40%. The ether and nitro-compounds affected ignition delay somewhat, but did not cause any change in soot formation from the base fuel trend.
2. There were no statistically-significant differences in the lift-off lengths among the fuels. Consequently, the observed differences in in-cylinder soot formation among the fuels cannot be attributed to differences in entrainment of fresh oxygen upstream of the flame after the ignition delay period.
3. The surfactant additive had no measurable effect on soot-wall deposition rates.
CONCLUSIONS
At the oxygen contents examined in the current study, only the ethanol-containing fuels displayed a potential for reduction of in-cylinder soot. Either non-ethanol additives have little potential for chemical reduction of incylinder soot formation, or their concentrations were too small in the current study to have a significant effect. If economic or other considerations prohibit increasing the blend rates of non-ethanol additives to evaluate their potential at higher concentrations, then their potential for in-cylinder soot reduction is clearly limited. 
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